A small difference between the energy of the para-positronium (p-Ps) and ortho-positronium 
I. INTRODUCTION
The most powerful model describing the formation of the positronium atom in the matter was developed by Stepanov and Byakov [1] . A positron from the irradiation source (the kinetic energy of positron produced by the most exploited isotope 22 Na [2] is less than 0.5 MeV) passing through the sample creates a set of electrons, ions, radicals etc. losing its own energy. According to this model, at the beginning, each of the electrons caused by ionization receives about 1 keV of the kinetic energy and is able to ionize other particles. Before the formation of positronium atom, a positron and an electron can leave the blob as a weakly interacting, delocalized system (pre-Ps) migrating to near free volume where it forms the localized Ps. It is usually believed that at this time the whole population of Ps consists of p-Ps (spin S=0) and o-Ps (S=1) so the spin value for each particle is definite. Such a Ps can annihilate in different ways: 1). the annihilation of p-Ps produces two gamma quanta, 2). o-Ps produces three gamma quanta, 3). each Ps can annihilate with an electron captured from the environment (pick-off process). The probability of pick-off annihilation increases with the local electron density and dominates in the case of annihilation in condensed matter. In the case of o-Ps the annihilation via pick-off is a two-quantum process. However, when the free volume is not reached, the positron annihilates as a quasi-free particle with one of the electrons from the bulk (in particular those from the blob).
The most serviceable channel of the positron annihilation in a matter is long-living o-Ps which succeeded in reaching the free volume and annihilating by pick-off. In order to separate the long living component from the lifetime spectra, they have to be decomposed into elementary channels of annihilation (free positron annihilation, ortho-and para-Ps annihilation, etc.). The exponential form of annihilation for each channel is commonly assumed.
II. MOTIVATION
The papers exploiting the blob model assume the definite value of spin number for pre-Ps (see positronium formation formulas in [3] it is π C = (−1) n [5] . So until the spin number is well defined, the system cannot decay with the emission of any definite n photons. Thus supposing that Ps is the superposition of p-Ps and o-Ps after entering free volume, one could expect that Ps can "live" in the free volume without giving an identifying decay signal (the number of photons is undefined) until it becomes p-Ps or o-Ps. This implies that one cannot decompose the PALS spectra simply into the exponential curves for p-Ps and o-Ps because the decay (two-quantum, for example) cannot start just after the birth of Ps. In our opinion, as long as there exists the population of Ps which is superposition of spins, one should make the correction when decomposing the PALS spectra (the analysis of the correction way is not the subject of this paper but an example of applying the correction is shown in Appendix A). In this paper we show that it is expected to decohere Ps in the p-Ps and o-Ps basis and we estimate the time of decoherence.
III. RATE OF DECOHERENCE. METHOD OF CALCULATION
The most convenient hamiltonian to consider the spin system interacting with the environment of spins (bath) is the Heisenberg hamiltonian [6] which is the phenomenological expression incorporating an overlapping of wave functions of electrons of the system and an environment [7, 8] . The problem of the decoherence of certain spin systems, in particular consisting of a pair of particles interacting with the bath, was considered in [9] [10] [11] which support our calculation method.
Let us consider the hamiltonian for interaction of Ps and the molecules from the wall of the free volume
where J-coupling constant, σ (2) -Pauli matrices for the electron in Ps, σ (i) -Pauli matrices for the i-th (of N) electron from an environment, the sign • denotes a scalar product.
We assume the existence of free volumes where Ps could live sufficiently long time Suppose the initial (just after the localization of Ps in the free volume) state of the whole system is ρ 0 ≡ |Ψ 0 Ψ 0 |, where
and
The ket |S denotes the state of electrons of the environment whereas the numbers in the kets are spin s and its z-th projection s z for Ps, respectively. The latter equation expresses the supposition that after many interactions with the bulk, Ps, just after entering into the free volume, does not distinguish any particular Ps state.
1 Our model seems to be the most suitable for the solid state of matter. Probably the model could be applied also to the liquid state where, according to the recent knowledge, the bubbles are formed as free volumes for Ps.
The evolution in time gives the following expression for the whole state at the instant t
where |Ψ t = e −iHt/h |Ψ 0 . For the positronium only, we calculate the state at t as
tracing over the environmental space.
In order to estimate the admixture of p-Ps in o-Ps at t we calculate some nondiagonal elements of ρ P s (t). More precisely, we consider the expression
which is expected to collapse with time. The time when it reaches the minimum value we define as the time of the decoherence, T d .
Because of the mathematical problems with calculating the whole ρ(t) analytically, we made the following simplification
where the value n is fixed in this formula. This truncation at appropriate n still allows to approximate T d sufficiently for our aims (see Appendix B).
IV. RESULTS AND DISCUSSION
The numerical calculations of (6) using (7) bring to the following statements:
1. Indeed, one can observe the decrease of S(t) in the basis of p-Ps and o-Ps states ( fig. 1 ), but nondiagonal terms do not disappear completely and permanently. 4. Decoherence time depends on a coupling constant J, which was set assuming that the interaction energy of Ps and the electrons from the wall is about 10 −4 eV (this is the energy which could convert ortho and para states and cause the initial superposition state in the bulk. Such a value of energy for the interaction of Ps in the free volume is reasonable only for some specific cases, e.g. when ortho-para conversion takes place. This process is characteristic only for specific substances [12] ). If the energy of the interaction is smaller, one can expect that the decoherence time increases (e.g. if the interaction energy is set to 10 −5 eV then T d ∼150 ps for N=3 instead of T d =18 ps as estimated above).
5. The value of T d decreases with the number N of electrons in the environment reaching the asymptotic value 12.2 ps ( fig. 3 ).
6. If one assumes in the numerical calculations the magnetization of the medium (all spins in the same direction), like paramagnetics at extremally low temperatures, one obtains the suppression of the decoherence: it makes T d shorter for a given N and the minimum of S(t) becomes shallower, the shallower the greater is N. Figure 4 shows the comparison of The value is averaged over 20 randomly chosen initial state vectors for n=7. an averaged S(t) for random initial vectors of the state (lack of magnetization) and for all spins 'up' in the initial vector (presence of magnetization). In the case of magnetization the minimum is shallower 4 . Furthermore, fig. 5 shows S(t) for different N for magnetization.
One can see that for greater N one obtains shallower minima.
Calculations concerning magnetization were performed when all spins are situated along different direction from that we considered Ps state. The result is shown in fig. 4 . A systematic study of T d dependence on the direction of electron spins was not performed.
The effect of inhibiting the decoherence in the presence of magnetization along the z-axis is for us a new one and we regard it as a hypothesis to be proved. The situation resembles the Ps eigenstates in the magnetic field -it is known that in the case of external magnetic fields the eigenstates of respective hamiltonian are those which are mixtures of p-Ps and o-Ps. Here supposing the magnetization of the sample one introduces a magnetic field. For this case the superposition of p-Ps and o-Ps seems to be maintained (which is indicated by the shallow minimum).
The case of the magnetization presented above cannot be treated as one for the ferromag- 
p-Ps nor o-Ps). The smaller is S(t) value at minimum, the more Ps have finally well defined spin.
We believe that the existence of the residue may be an artefact of the Heisenberg hamiltonian being the simplest way of treatment of the realistic case. We intend to follow the calculations with a more complicated hamiltonian, where J is time dependent (Ps atom does approach to or goes away from the wall, so the interaction strength changes).
V. CONCLUSIONS
Our theoretical study of the decoherence of Ps in matter results in statement that cohered Ps transforms into the states with well defined spin and that the decoherence lasts enough time (picoseconds and more) to modify the positron lifetime spectra and momentum distributions and should be taken into account when any interpretation of the results in positron studies is performed. We have shown the way of modification for formulas used for PALS spectra decomposition.
The time of the decoherence decrease exponentially with the number of electrons interacting with Ps in the free volume of matter. We examined the influence of magnetization to be expected on the process of the decoherence.
Our calculations are consistent, according to the formalism, with the previous ones published for similar quantum systems and the results add the new aspect to the recent theory of Ps formation and its evolution in matter.
The influence of hypothetical coherence of Ps on the PALS spectrum seems to be a complex problem which requires more study. As an example where this influence can be observed we propose the following one.
To interpret the PALS spectra one considers the formula for coincidence (2-and 3-quantum) rate (N γ ) resulting from the formula (see also [3] )
where: P e -amount of free positrons, S p , S o -the same for pre-para-Ps and pre-ortho-Ps, pP s, oP s-amount of para-and ortho-Ps, respectively; λs are the decay rates for a particular type of particles.
Furthermore, one assumes P e , S p , etc. obey the following equations
where ν, λ e , etc. are the constants describing creation and decay rates of each population.
If one considers an annihilation in matter where the pick-off process dominates, (A1) relates mainly to the 2-quantum process of annihilation and both (A1) and (A2) allow to calculate the intensity of the annihilation rate for the set of particular channels (i.e. for P e , (oP s), etc.). The decomposition of PALS spectra is a direct consequence of the use of formulas above.
If one supposes the existence of the coherence of the states, one does not distinguish the spin value for pre-Ps and one assumes the existence of Ps (and also pre-Ps) in the superposition state, which annihilates with the rate λ M . So, one can replace (A2) and (A1) by
The formula (A4) is not a simple replacement of (A1) because the last term in it describes the decays where the number of photons per one annihilation act is not fixed and, for example, 3 quantum decay cannot be neglected here. 6 . The boundary value of the absolute of n-th term (normalized to the maximal value) in (7) showing its contribution at t=10 ps and t=20 ps to approximate the exact result in the region of calculated T d .
Appendix C:
Let us suppose we have two polynomials f 1 (t) = k i=0 a i t i and f 2 (t) = k+c i=0 b i t i which represent the S(t) function calculated when n=k and n=k+c respectively. Let single out s-th minimum of each polynomial, t 1s , t 2s , and relate it to those constituting T d . Suppose we know (see Appendix B) amount of correction at any t given by c additional terms of expansion of evolution operator; denote this surplus as δ(t). This function δ(t) can be expressed as
Let us construct the auxiliary function
which has, if t=t 2s , a maximum for ∆t=t 2s − t 1s . Inserting the definitions of f i (t) into (C2) and using the Newton formula for the binomial expansion we have
and finally inserting into (C3) the value t 2s we find a local maximum of F as δ(t 2s ) + 
This equation is equivalent to the derivative of its left side over ∆t equated to 0. This equation should give a maximum value for ∆t = t 2s − t 1s , i.e.:
∂F ∂∆t | {t=t 2s , ∆t=t 2s −t 1s } = 0.
The polynomial f 1 (t) is usually known as it is the solution of our problem for truncation of the evolution operator at smaller n. For known values of t 1s and a i one obtains an algebraic equation for t 2s . In this way we can calculate the expected difference between known T d , obtained for shorter expansion of the evolution operator, and that one if more accurate calculations could be performed.
